Abstract. Metformin is a diabetes drug with anticancer properties. Several studies have investigated the effects of metformin combined with chemotherapeutic agents, with controversial results. This study evaluated the efficacy of combined metformin/cisplatin treatment in an endometrial cancer cell line. Ishikawa cells were treated with metformin, cisplatin or both types of treatment. Cell proliferation was evaluated by quantification and colorimetric and thymidine incorporation assays, cell cycle progression was assessed by flow cytometry, and apoptosis by the caspase-3 activity assay. The effects of metformin and cisplatin used in combination were assessed under normoxic (21% O 2 ) and hypoxic (1% O 2 ) conditions. Mitochondrial morphology was examined using the MitoTracker dye, while function was assayed by lactate production. Discrepant results were obtained from the different assays of cell proliferation, with the value obtained from the colorimetric assay being higher than that from cell counts after drug treatment. Combined treatment with metformin (≥2 mM) and cisplatin (1 µM) had additive anti-proliferative effects on cells under normoxic conditions. However, the additive effect of metformin was attenuated under hypoxia. Metformin caused morphological and functional changes in mitochondria, which appeared shortened after exposure to metformin, while the connections between individual mitochondria appeared weaker. Additionally, decreased MitoTracker staining was observed after an 8-h exposure to metformin. The colorimetric assay did not accurately determine the effects of metformin and cisplatin on cell proliferation. The additive effects of metformin on cisplatin-induced inhibition of cell proliferation were attenuated under hypoxic conditions, while metformin compromised mitochondrial structure and function. Additional studies are needed to determine the efficacy of this drug combination in vivo.
Introduction
Several epidemiological studies and systematic reviews have identified a lower cancer prevalence among patients with type 2 diabetes mellitus who take metformin (1) (2) (3) , and recent in vitro and in vivo studies have shown that metformin inhibits cancer cell proliferation (4, 5) . Cytotoxic chemotherapy has long been used to treat cancer. Focus has been placed on the use of metformin combined with other drugs to improve treatment efficacy (4, 5) .
Although recent studies have assessed combination treatment approaches with metformin in vitro (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , the findings have been controversial. First, the concentrations of metformin used in the majority of these studies were much higher (0.5-20 mM) than the clinically relevant doses (4, 5, 21, 22) , and it is therefore unclear whether those concentrations are effective for cancer treatment (4, 5) . Second, results from the aforementioned studies have also been controversial, with some reports describing a synergistic or additive effect of combined drug treatment (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) 19, 20) , while antagonistic effects were observed in tumor cells of the brain, blood, soft tissue, and lung (with the exception of adenocarcinomas) as well as adriamycin-resistant breast cancer cells, where the majority of these cells were non-carcinoma or specific types of carcinoma cells (10, 12, 14, 16, 18) . In addition, metformin was shown to accelerate the growth of BRAFV600E-driven melanoma (23) . Thus, the anti-proliferative effects of metformin may be cancer type-specific.
These contradictory findings may be due to differences in methodology and quantification. Colorimetric assays such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay have been widely used in high-throughput drug screens that are based on the assessment of cell proliferation or viability (24, 25) . Several agents that can influence the results of colorimetric assays have been recognized, such as the production of reactive oxygen species by mitochondria (26) , as well as drugs that induce G2/M cell cycle arrest which can lead to an increase in cell size, which in turn affect the results of the MTT assay (27). Thus, caution must be applied to the interpretation of results from colorimetric assays.
Endometrial cancer patients may benefit from combination drug treatment for the following reasons. First, metformin improves resistance to insulin, which is believed to play a role in the development of endometrial cancer (28) (29) (30) chemotherapy has been successfully used to treat endometrial cancer (31, 32) . In two recent in vitro studies, the efficacy of combination treatment on endometrial cancer cell lines using colorimetric assays to analyze cell proliferation was investigated (6, 7) . However, experiments conducted in those studies used metformin concentrations of 0.5 and 1.0 mM which, as explained above, may lead to unreliable conclusions (6, 7) . We therefore examined the effects of combined metformin and cisplatin treatment in an endometrial cancer cell line using various assays to measure cell proliferation and other parameters associated with cancer progression.
Materials and methods
Cell culture. The Ishikawa endometrial cancer cell line was grown in Dulbecco's modified Eagle's medium supplemented with 4.5 g/l glucose, 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 100 µg/ml kanamycin sulfate (all from Life Technologies, Carlsbad, CA, USA) at 37˚C in a humidified atmosphere of 5% CO 2 and 21% O 2 for normoxic or 1% O 2 for hypoxic conditions. A range of concentrations was assessed for cisplatin (0-5 µM) (Bristol-Myers-Squibb, New York, NY, USA) and metformin (0-10 mM) (Sigma Aldrich, St. Louis, MO, USA) in the cell proliferation assay. Subsequent experiments using a combination of the two drugs were performed with 0-2 mM metformin and 1 µM cisplatin.
Cell quantification. Cells were counted as an index of cell proliferation. A total of 2x10 3 cells/well was seeded in 96-well plates and incubated for 24 h. The medium was replaced, and metformin and/or cisplatin were added as indicated. After 48 h, the cells were observed using a light microscope (Diaphot-TMD; Nikon, Tokyo, Japan) and counted using a hemocytometer.
Colorimetric assay. The MTT assay was used to assess cell viability. This colorimetric assay measures the absorbance of formazan molecules that are produced by the reduction of the tetrazolium salt by cellular enzymes. The protocol was performed according to the manufacturer's instructions. Briefly, cells were seeded in 96-well plates at 2x10 3 cells/well and incubated for 24 h. The medium was replaced, and metformin and/ or cisplatin were added as indicated. After 48 h, the chromogenic reagent was added to the culture medium for 3 h. After removing the culture medium, the formazan crystals were dissolved by adding isopropanol and dimethyl sulfoxide, and absorbance at 570 nm was measured using an automated microplate reader (Infinite 200; Tecan, Männedorf, Switzerland).
Cell size measurement. Changes in cell size after treatment with metformin or cisplatin were determined from images obtained by light microscopy. A total of 2x10 4 cells/well was seeded in 12-well plates and incubated for 24 h, then treated with metformin or cisplatin for 48 h. The cells were observed and imaged using a light microscope (Diaphot-TMD; Nikon). The cell area was measured from the images of 100 cells for each drug concentration using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Flow cytometry. The effect of drug treatment on the cell cycle was determined by flow cytometry, using the CycleTEST PLUS DNA Reagent kit (Becton-Dickinson, Franklin Lake, NJ, USA) according to the manufacturer's instructions. The kit enabled the isolation of cells with propidium iodide-stained nuclei. Between 1x10 5 and 1x10 6 cells were seeded in a 6-cm dish and incubated for 24 h. The medium was replaced and combinations of metformin (0, 0.1 and 2.0 mM) and cisplatin (1 µM) were added. The cells were sorted 48 h later using a FACSCalibur flow cytometer (Becton-Dickinson).
Caspase activity assay. Caspase activity was determined using the Caspase-Glo 3/7 assay (Promega, Madison, WI, USA) 48 h after drug treatment. This assay is based on the cleavage of a caspase-3/7 substrate, which produces a free aminoluciferin that is consumed by luciferase and generates a luminescent signal proportional to caspase activity. The protocol was performed according to the manufacturer's instructions. A total of 2x10 3 cells/well was seeded in 96-well plates and incubated for 24 h. The medium was then replaced and combinations of metformin (0-2 mM) and cisplatin (1 µM) were added. After 48 h, the caspase-3/7 substrate was added to the culture medium for 60 min, and luciferase activity was measured using an automated microplate luminometer (Infinite 200; Tecan). Cells in other wells were also counted with a hemocytometer using a microscope. Luminescence values were divided by the total number of counted cells to calculate the luminescence per cell.
Thymidine incorporation assay. The thymidine incorporation assay, which quantifies [
3 H]thymidine uptake during DNA synthesis, was used to measure cell proliferation. A total of 2x10 3 cells/well was seeded in 96-well plates and incubated for 24 h. The culture medium was replaced and metformin (0-10 mM) or cisplatin (0-5 µM) was added for 48 h, or combinations of metformin (0-5 mM) and cisplatin (0-5 µM) were added for 24 h, followed by [ 3 H]thymidine for 3 h. The experiment for combination treatments was performed under normoxic and hypoxic conditions, since many types of tumor cell are thought to tolerate hypoxia in vivo.
Mitochondrial and nuclear staining. Mitochondria were stained with MitoTracker Red CMXRos (Life Technologies) according to the manufacturer's instructions. A total of 4x10 4 cells/well was seeded in 6-well plates or glass-bottom dishes (for imaging) and incubated for 24 h. The medium was replaced and metformin was added for 8 or 48 h. The staining solution was prepared at a concentration of 100 nM and added to the culture medium. After a 15-min incubation, the cells were washed with PBS and fluorescence was observed by confocal microscopy (FV10i-LIV; Olympus, Tokyo, Japan) and analyzed by flow cytometry. Nuclei were stained with Hoechst 33342 (1 µg/ml) (Dojindo, Kumamoto, Japan) for 20 min and then washed with PBS.
Measurement of lactate concentration. Lactate concentration in the cell culture medium was used as a measure of mitochondrial function. A total of 2-2.5x10 4 cells/well was seeded in 12-well plates and incubated for 24 h, then treated with metformin as indicated. The medium was collected and lactate concentrations were measured 48 h later. The cells were also counted with a hemocytometer using a microscope.
The lactate concentration was divided by the total number of counted cells to calculate the lactate production per cell.
Statistical analysis. Data are shown as the mean ± standard error. Data were analyzed with SPSS ver. 21.0 (SPSS Inc., Chicago, IL, USA) using the Student's t-test, except for flow cytometry data for which the Mann-Whitney U test was used. P<0.05 was considered statistically significant.
Results
Cell proliferation and cell viability assays yield discrepant results. Cell proliferation was assessed by cell counts as well as colorimetric and thymidine incorporation assays in Ishikawa cells treated for 48 h with metformin or cisplatin. Each drug alone inhibited cell proliferation in a dose-dependent manner, as determined by cell counts (Fig. 1) . However, significant discrepancies were observed between these results and those of the colorimetric and thymidine incorporation assays. For instance, at 10 mM metformin, the proliferative fraction as measured by thymidine incorporation and the MTT assay was 46% lower and 23% higher, respectively, than the value obtained from the cell counts (Fig. 1A) . Similarly, at a cisplatin concentration of 0.5 µM, the proliferative fraction as measured by thymidine incorporation was ~43% lower than the value obtained by the cell counts, while the fraction determined using the MTT assay was almost 53% higher (Fig. 1B) . A similar trend was observed for higher concentrations of cisplatin. As results from the colorimetric assay were consistently higher than values obtained from the cell counts, the assay was not used further in this study to assess cell proliferation.
Cisplatin induces the enlargement of endometrial cancer cells.
Cell size was measured to determine the efficacy of each drug. Treatment with cisplatin at concentrations of 0.5 and 2 µM led to an increase in cell size compared to the control cells, while treatment with metformin at concentrations of 2 and 10 mM led to a decrease in cell size compared to the control cells (Table I) .
Metformin potentiates the anticancer effects of cisplatin in endometrial cancer cells.
The combined treatment of metformin and cisplatin had additive, dose-dependent, anticancer effects compared to the cells treated with cisplatin alone (Fig. 2) . For instance, 0.1 mM metformin + 1 µM cisplatin had no effect on cell numbers, but a higher concentration of metformin (2 mM) with cisplatin reduced proliferation by 20% ( Fig. 2A) . Similarly, following the treatment of cells with 2 mM metformin + 1 µM cisplatin, thymidine incorporation was decreased by a similar amount (Fig. 2B) . Caspase activity and G1/S arrest also increased slightly, although these differences were not statistically significant (P= 0.052 and 0.083, respectively) ( Fig. 2C and D) .
Anticancer effects of combined metformin and cisplatin treatment are attenuated under hypoxic conditions. Metformin has been reported to inhibit complex I of the mitochondrial respiratory chain (33, 34) , suggesting that the anticancer effects of combined metformin and cisplatin treatment could be compromised under hypoxic conditions. Notably, while thymidine incorporation was reduced in cells treated with 2 or 5 mM metformin and various concentrations of cisplatin (0-5 µM) relative to cells treated with cisplatin alone under normoxic conditions ( Fig. 3Aa and Ba), these differences were attenuated when cells were subjected to hypoxia (Fig. 3Ab and Bb).
Metformin treatment inhibits mitochondrial function.
To examine the effects of metformin on mitochondria, the cells treated with metformin for 48 h were stained with MitoTracker dye. After drug treatment, the mitochondria were more compact, and connections between them were less apparent (Fig. 4A) .
The intensity of staining decreased with higher concentrations of metformin (Fig. 4B) . To exclude the effects of cell shrinkage that were observed after a 48-h exposure to metformin, the cells were stained and examined by flow cytometry after 8 h of drug treatment (Fig. 4C) . Following metformin treatment, the fraction of cells with low levels of fluorescence was greater than that for the control cells, indicating that the decreased signal intensity in mitochondria induced by the drug was not due to reductions in cell size. Lactate concentrations in the culture medium were then measured, since glycolysis is stimulated by the impairment of mitochondrial function by metformin (33, 34) . Lactate levels showed a dose-dependent increase following treatment with metformin (Fig. 4D) . Taken together, these results indicate that cisplatin exerts anticancer effects in endometrial cancer cells that are potentiated by metformin under normoxic conditions, but during hypoxia, the additive effects of this drug combination are attenuated, which may be linked to the action of metformin on mitochondria.
Discussion
The results of the present study have demonstrated that metformin potentiates, without antagonizing, the anticancer effects of cisplatin in endometrial cancer cells under normoxic conditions. Cells treated with a combination of the two drugs had greater reductions in cell proliferation, as assessed by cell counts and thymidine incorporation, than cells treated with cisplatin alone (Fig. 2) . Significantly, these additive effects were not observed at metformin concentrations of 0.1 mM. Thus, a combination treatment regimen of metformin and cisplatin may not be useful for endometrial cancer patients, since the lowest concentration of metformin tested in this study was several times higher than the clinically prescribed doses for the treatment of diabetes, which resulted in plasma metformin concentrations of 0.6±0.5 mg/l (22) . This discrepancy in dosing between in vitro studies and clinical observations is typically overlooked (5) . Metformin uptake has been observed in many tissues (21) , and this potential for accumulation in organs may necessitate concentrations that are higher than those indicated by plasma levels for effective cancer therapy (4) . Other studies have shown that metformin does not accumulate in the plasma nor in any tissues other than the intestine, even with repeated administration (35) . However, these results are from animal studies, and there are little data available on metformin levels in human organs (36) .
Mitochondrial uncoupling proteins have been shown to prevent tumor growth in breast cancer cells (37) . In Ishikawa cells, metformin treatment led to decreased staining with MitoTracker dye (Fig. 4) , which is used as a measure of mitochondrial integrity (38) . Thus, metformin likely inhibits cancer cell proliferation by inducing mitochondrial dysfunction. The present study also found that the additive effects of metformin in combination with cisplatin were attenuated under hypoxic conditions (Fig. 3) . Metformin inhibits complex I of the respiratory chain in mitochondria (33, 34) , which may not be relevant under low O 2 conditions since this complex is involved in oxidative phosphorylation. Taken together, these results suggest that metformin has limited utility for endometrial cancer treatment, since tumor cells often exist in hypoxic microenvironments in which adaptive mechanisms enable them to thrive.
The first indications that metformin can be clinically beneficial for cancer patients were from epidemiological studies (1), in which cancer incidence and cancer-related mortality were found to be reduced in diabetic patients taking metformin (2, 3) . Many patients with endometrial cancer have concurrent diabetes and insulin resistance (28) (29) (30) , and obesity and insulin resistance are risk factors for endometrial cancer (39) . Furthermore, in a retrospective analysis of neoadjuvant chemotherapy for breast cancer, metformin significantly increased the frequency of pathological complete response in diabetic compared to non-diabetic patients (40) . Although in vitro studies have examined the direct effects of metformin on cancer cells, results of recent studies suggest that indirect effects may be important in tumor growth inhibition in vivo (5), for instance by lowering blood glucose and insulin levels (41). Thus, it is possible that metformin can be used effectively to treat endometrial cancer through combination treatments consisting of, for instance, the continuous administration of metformin and cyclic administration of cisplatin.
In conclusion, metformin potentiated the anticancer effects of cisplatin under normoxic conditions in vitro. Although these effects were attenuated under hypoxia, the reasons for which are to be the focus of future studies, there was no evidence of antagonism of cisplatin by metformin. Thus, the results offer the potential for a combination chemotherapeutic strategy that can be applied to endometrial cancer treatment.
